Abstract Imaging evaluation of sinonasal tumors is most often conducted with computed tomography, which excels at identifying the effects of these masses on adjacent osseous structures, and magnetic resonance imaging that is ideal for distinguishing pathologic masses from mucosal thickening and fluid that are common in the sinonasal spaces and depicting extension into the surrounding soft tissues, orbits, and intracranial compartment. Accordingly, the two studies are complementary exams and both are commonly utilized in the assessment of these masses. Less commonly, positron emission tomography can provide additional metabolic evaluation of potential metastatic disease in patients with malignant disease. While these imaging modalities are excellent for the portrayal of an abnormality, there is considerable overlap in the imaging appearance of these tumors and specific imaging manifestations linked to a particular tumor are frequently lacking. Therefore, while the mass may be readily identified, narrowing the differential diagnosis to a single specific entity is rare. Nevertheless, cross-sectional imaging plays an essential role in patient management and valuable guidance for successful biopsy or surgical resection in virtually all cases. This review emphasizes essential imaging manifestations that correlate with sinonasal tumors in general and highlight certain features that may implicate a specific disease process.
Introduction
Sinonasal neoplasms are rare, accounting for 3 % of head and neck malignancies and 3.6 % of upper aerodigestive tract malignancies in the National Institutes of Health Surveillance, Epidemiology, and End Results (SEER) study [1] [2] [3] . Virtually all patients with such tumors will be evaluated with some type of radiologic examination during the course of the disease. Computed tomography (CT) and magnetic resonance imaging (MRI) are complementary modalities that excel at demonstrating the location and overall size of such masses and their potential extension into adjacent regions that may impact on surgical or therapeutic planning, particularly when they involve the anterior and middle cranial fossae, pterygopalatine fossa, orbits, or palate [1, 4, 5] . CT is often the first exam performed because of its lower cost and higher availability compared to MRI and is superior to MRI for the visualization of osseous structures. Bone erosion or remodeling is more typical for benign or slowly growing masses from pressure effects while true osseous lytic destruction is seen in higher-grade malignancies, such as squamous cell carcinoma [1] . MRI is superior to CT for identification of the soft tissue portion of most sinonasal malignancies, largely related to their T2 hypointensity that reflects hypercellularity seen on histopathology and the relative lack of fluid within these tumors. This is in juxtaposition to predominant T2 hyperintensity related to associated fluid and/or surrounding inflammatory changes or tumors of low-grade biologic activity [6] . On CT, these features are less conspicuous, causing less accurate detection of malignant neoplasms. Furthermore, MRI may detect subtle signal changes in fatty osseous marrow (T1 hyperintense) that may herald tumor invasion either by direct geographic spread or perineural extension and which may be completely normal in appearance on CT. Perineural tumor spread is always a possibility for aggressive neoplasms arising in the nasal cavity and paranasal sinuses. Typical sites of involvement include the pterygopalatine fossa, pterygomaxillary fissure, foramen rotundum, vidian canal, inferior orbital fissure, and orbital apex [7] . All of these sites serve as regions of interest in the setting of sinonasal malignancies and the presence of such perineural involvement precludes surgical resectability. Unfortunately, small tumors may escape detection on either MRI or CT, leading to a missed opportunity for potential cure [1] .
The presence of bone sclerosis on CT is typical for chronic inflammatory changes, effects of radiation therapy, and osteomyelitis but rarely noted in the setting of squamous cell carcinoma and other tumors [1] . Fibrous dysplasia, ossifying fibroma, Paget disease (sclerotic phase), and osteoblastic metastasis (usually prostate carcinoma or breast carcinoma) are other possible causes of bony sclerosis [1] . Calcifications, either from true ''tumoral'' calcification or residual bone, may occur in a wide variety of sinonasal tumors, including chondroid tumors (particularly along the nasal septum), fibro-osseous tumors, olfactory neuroblastoma, and inverted papilloma [1] . Despite these imaging features, very few are pathognomonic and virtually all sinonasal tumors require histopathology for specific diagnosis [1] . Positron emission tomography (PET)/CT may facilitate detection of early regional metastasis as well as more distant metastatic spread in the setting of aggressive malignancies [1] .
Selected Neoplasms Papilloma
Of the three distinct forms of Schneiderian papillomas, the inverted papilloma has the most highly characteristic imaging manifestation as a lobulated soft tissue mass along the lateral nasal wall and middle meatus region with a ''cerebriform'' appearance on T2-weighted and/or contrastenhanced T1-weighted MR images (Fig. 1) [8, 9] . Occasional calcifications within this tumor are related to residual bone fragments [10] . Other papillomas vary in appearance, from small nasal cavity polypoid masses to those that expand the nasal cavity through pressure erosion effects and extend into the adjacent paranasal sinuses [11] . The presence of bone destruction or necrotic-appearing regions suggest more biologically aggressive disease and raise the possibility of a carcinoma [1] .
Squamous Cell Carcinoma and Adenocarcinoma
A sinonasal soft tissue mass with prominent bone destruction is a signature CT feature of squamous cell carcinoma [1, 12] . Intermediate T1 signal intensity and hypointense T2 signal (compared to fluid) with variable enhancement on contrast-enhanced T1 images that tends to be less than that of sinus mucosa are typical MRI findings (Fig. 2) . Although smaller lesions are typically homogeneous in signal intensity, larger tumors are usually more heterogeneous with areas of necrosis and hemorrhage. Most squamous cell carcinomas have a nonspecific imaging appearance, making the diagnosis difficult based on the imaging findings alone [1, 13] . Skull base erosion is common with invasion into the anterior and middle cranial fossae and dural extension, best appreciated on contrastenhanced fat-suppressed T1-weighted MRI sequences [1] . Imaging manifestations of adenocarcinoma are indistinguishable from those of squamous cell carcinoma [1] .
Salivary Tumors
A soft tissue mass arising in the palate with extension into the nasal cavity and paranasal sinuses suggests a salivary gland tumor [1] . Internally, salivary gland tumors may be heterogeneous on CT related to a variety of compositions with the more highly cellular portions being more homogeneous. Otherwise, there is considerable overlap in imaging features with other epithelial tumors in this region.
Adenoid cystic carcinoma is known for its propensity for perineural spread, which can seen as expansion of neural foramina involving the paranasal region and skull base on CT and altered signal intensity and enhancement on MRI (Fig. 3) [1] . MRI reveals intermediate T1 signal with variable T2 signal depending on the amount of cellularity (more cellular being hypointense and more stromal/less cellular being hyperintense) [14] .
Most sinonasal mucoepidermoid carcinomas involve the nasal cavity and maxillary antrum [13] [1] . Pleomorphic adenoma most commonly arises from the nasal septum (90 %) and classically has a spherical morphology instead of a polypoid contour seen in many of the other epithelial tumors described previously [1] .
Neuroectodermal/Neuronal/Nerve Sheath Tumors
Olfactory Neuroblastoma (Esthesioneuroblastoma)
Correlating with clinical findings, olfactory neuroblastoma (esthesioneuroblastoma) commonly involves the superior portion of the nasal cavity and ipsilateral ethmoid and maxillary sinuses as a homogeneous enhancing expansile soft tissue mass on CT [1] . Rarely, quite prominent hyperostosis may be noted in adjacent osseous structures [15] . Heterogeneous hypointensity compared to gray matter on T1-weighted and predominant hyperintensity to gray matter on T2-weighted MRI sequences with often intense, usually homogeneous enhancement is typical. The tumor commonly invades the orbits and extends intracranially [16] . The presence of peritumoral cysts along the intracranial portion strongly suggests the diagnosis (Fig. 4 ) [17] . Although pathologically more similar to the olfactory neuroblastoma, sinonasal neuroendocrine carcinoma and sinonasal undifferentiated carcinoma have typical imaging appearances that are virtually indistinguishable from squamous cell carcinoma [1] .
Melanoma
The nasal cavity is the most common site in the sinonasal region for this tumor, which may less commonly involve the paranasal sinuses (maxillary more common than ethmoid) [18] . More common for those in the nasal cavity, it tends to remodel bone from pressure effects and may demonstrate a bland margin, contradicting its aggressive biologic behavior [1] . Although it may manifest with nonspecific soft tissue attenuation on CT and signal intensity on MRI, some tumors will have sufficient melanin content or hemorrhage to cause T1 hyperintensity, providing a signature (but not ubiquitous) imaging feature ( Fig. 5 ) [1, 13] . The tumor shows usually intense but heterogeneous enhancement on post-contrast studies.
Intense FDG avidity is seen on PET/CT [1] . In distinction to the nasal cavity preponderance seen in melanoma, the extremely rare melanotic neuroectodermal tumor of infancy usually arises in the maxillary sinus [1] .
Ewing Sarcoma and Primitive Neuroectodermal Tumor (PNET)
These highly malignant ''small, blue, round cell tumors'' are uncommon in the sinonasal region and tend to occur in children and young adults, especially in the setting of prior radiation therapy for retinoblastoma [1, 19, 20] . An aggressive imaging appearance with an expansile mass, bone destruction, and periosteal reaction (''onion-skin'' more common than ''sunburst'') is characteristic [1] .
Peripheral Nerve Sheath Tumors
Both schwannomas and neurofibromas are common in the head and neck although only 4 % arise in the sinonasal region [21] . Reflecting its bland biologic behavior, the schwannoma manifests as a frequently ovoid well-circumscribed soft tissue mass although cystic degeneration is common with larger lesions. Subtle hyperattenuation on CT appears to correlate with regions of more densely cellular Antoni A tissue type compared to the less cellular Antoni B type. On MRI, the tumors are characterized by T1 hypointensity, T2 hyperintensity, and fairly robust enhancement on post-contrast images (Fig. 6 ). When cystic changes occur, areas of fluid signal intensity and surrounding peripheral ring-like enhancement are noted. Bone remodeling is the rule for these benign lesions [1, 13] . Neurofibromas are typically more heterogeneous on imaging studies compared to schwannomas with more intermediate T1 signal and heterogeneous enhancement. Some plexiform neurofibromas may have an imaging appearance suggesting a ''bag of worms'' morphology [1] .
As its name implies, malignant peripheral nerve sheath tumor is a much more aggressive tumor than the benign varieties of nerve sheath tumors described above and tends to show imaging manifestations that are more similar to those of squamous cell carcinoma [1] .
Tumors of the Central Nervous System
A variety of neoplasms from the central nervous system may involve the sinonasal region by direct extension or arising from embryologic remnants. These include but are not limited to meningioma, craniopharyngioma, chordoma, and nasal glioma. Most sinonasal meningiomas arise from intracranial tumors with direct extension across the skull base. An intensely enhancing dural-based mass with signal intensity similar to that of brain on MRI is typically seen. Much more rarely, an isolated meningioma in the sinonasal region may be encountered, presumably arising from arachnoid cap cells trapped in this region during embryogenesis [1] . Altered contour, CT hypoattenuation, scattered calcifications, and quite variable altered signal intensity on MRI of the clivus should raise concern for a chordoma, although chondrosarcoma and metastatic disease are also diagnostic considerations. If a chordoma is large enough to involve the paranasal sinuses, the entire clivus, including its tip, should be involved as well [1] . Rarely, isolated chordomas within the paranasal sinuses have been reported and presumably arise from ectopic embryologic rests as a result of descent of the notochord into the developing facial region in utero [1, 22, 23] . A cribriform plate defect with a soft tissue sinonasal mass is a classic imaging manifestation of a nasal glioma [1] .
Lymphoma
In general, B cell lymphoma tends to involve the paranasal sinuses and predominate in Western populations while T-cell lymphoma (especially nasal T/NK-cell lymphoma) is the most common to involve the nasal cavity with a predilection for Asian and South American populations [1, 24, 25] . Both types are known for producing bulky soft tissue masses that tend to remodel bone although lytic destruction can be seen, particularly with the nasal T/NKcell variety [1, 24, 26] . The nasal cavity and maxillary sinus are the most common locations of the disease [24] . The masses tend to be isointense to muscle on T1-weighted and mildly hyperintense to muscle and hypointense to mucosa on T2-weighted imaging with at least moderate enhancement on post-contrast T1-weighted imaging (Fig. 7 ) [24, 26] . Other diseases involving the nasal cavity and paranasal sinuses with similar imaging manifestations as lymphoma include Wegener granulomatosis, multiple myeloma/extramedullary plasmacytoma, and chloroma [1, 27] . In the sinonasal region, Rosai-Dorfman disease frequently mimics the imaging appearance of lymphoma with the frequent addition of prominent cervical adenopathy and multifocal extranodal lesions [28] [29] [30] .
Langerhans Cell Histiocytosis
This group of childhood diseases commonly involves the head and neck, particularly the flat bones of the skull and jaw, but is rarely seen in the sinonasal region. A welldefined soft tissue mass with local osseous destruction is typical [31, 32] . Isointense signal on T1-weighted and isointense-to-hyperintense signal on T2-weighted imaging compared to white matter with intense enhancement has been reported [32] .
Juvenile Nasopharyngeal Angiofibroma and Other Vascular Tumors
Juvenile nasopharyngeal angiofibroma is a highly vascular soft tissue mass with a highly characteristic imaging appearance because of its consistent nasopharyngeal location near the sphenopalatine foramen causing expansion of the pterygopalatine fossa and anterior bowing of the ipsilateral posterior maxillary sinus wall (Fig. 8) . The combination of these features in an adolescent male strongly suggests the diagnosis [33] . Extension through the roof of the sphenoid sinus frequently occurs with less common involvement of the maxillary and ethmoid sinuses [34] . The tumor may also extend into the orbit and then into the intracranial compartment via the superior and inferior orbital fissures [1, 13] . MRI shows intermediate T1 and T2 signal intensity with multiple flow-voids, usually from internal maxillary artery feeding vessels [13] . CT frequently demonstrates deossification of the adjacent skull base [1] .
Although occasionally confused for an angiofibroma, the angiomatous polyp is a distinct entity believed to result from a fibrosed, vascularized nasal polyp following minor trauma. This tumor is much less vascular than the angiofibroma, is found in the nasal cavity instead of the nasopharynx, does not extend into the pterygopalatine fossa, and rarely extends into the sphenoid sinus [33] .
Most nasal cavity hemangiomas involve the septum and inferior and middle turbinates with the lateral wall and vestibule less common locations [1] . They are often difficult to identify as discrete lesions from the turbinates, as both enhance intensely on post-contrast imaging. Occasional flow voids may be noted on MRI [1] . When they arise intraosseously, a ''sunburst'', ''soap bubble'', ''radiating'', or ''honeycomb'' appearance is characteristic on CT using bone windows with T1 hypointensity, T2 hyperintensity, and intense enhancement on post-contrast imaging (Fig. 9) [35] .
Hemangiopericytoma tends to occur in the nasal fossa and maxillary sinus as an enhancing soft tissue mass causing bone remodeling without specific CT or MRI features. Flow voids may be present [36] .
Muscle and Fibroblastic Tumors
Head and neck rhabdomyosarcoma is most commonly seen in the orbit and nasopharynx but 12 % of those arising in children involve the sinonasal cavities [37] . Although the tumor is overall more common in children, a wider age range is seen for those arising in the sinonasal region [38, 39] . Bone remodeling and bone destruction frequently occur together. CT and MRI imaging characteristics are otherwise not specific with homogeneous signal intensity on MRI and enhancement on post-contrast imaging (Fig. 10) . On occasion, it may mimic the appearance of a squamous cell carcinoma [1] .
While grade II/III fibrosarcomas are more common as mandibular tumors, the grade I fibrosarcoma (desmoid tumor) is more common in the sinonasal region and more commonly seen in children. The tumor is usually homogeneous on CT with low-to-intermediate signal on T1 and T2 MRI sequences and minimal enhancement [1] . Fibromyxomas and myxomas are locally aggressive soft tissue masses when they arise in the sinonasal region. Focal bone destruction and flecks or strands of calcification in an otherwise cyst-like mass on CT are common. Mildly heterogeneous T1 hypointensity and T2 hyperintensity with intense enhancement is seen on MRI. The CT appearance may mimic that of a fibrosarcoma [1] .
Osseous Lesions and Tumors
Osseous and fibroosseous lesions comprise nearly 25 % of nonepithelial tumors involving the sinonasal cavities [1] .
Osteomas are most common within the frontal sinuses followed by the ethmoid sinuses and rarely involve the maxillary or sphenoid sinuses [40] . This benign intraosseous proliferation of mature bone arises from the sinus wall, is nearly always limited to the sinus contour but can be a source of spontaneous cerebrospinal fluid rhinorrhea and pneumocephalus, often related to a defect of the ethmoid complex or sphenoid sinus [1] . While their detection is straightforward on CT with hyperattenuation, they may be completely inconspicuous on non-contrast MRI related to heterogeneous low-to-intermediate signal intensity but with at least some enhancement on post-contrast MRI [1, 13] . Multiple osteomas may reflect Gardner syndrome, a familial polyposis associated with intestinal polyps and benign skin and subcutaneous neoplasms [1, 41] .
Osteochondromas, believed to represent a developmental variation and arise from the bony surface with a cartilage cap, are rare in the sinonasal region. Known for their pedunculated mushroom shape, they commonly show heterogeneous low-to-intermediate signal intensity on MRI [1] .
Chondroma is expansile circumscribed tumors of cartilaginous origin that may remodel bone as they grow. Reflecting a benign biologic behavior, it should not demonstrate any bone destruction on CT. The tumor rarely involves the sinonasal region. Calcifications are common but may not always be detected on CT. Nonspecific T1 hypointensity, T2 hyperintensity, and enhancement on post-contrast images are seen on MRI [1] . An osteoma may have a similar appearance with the exception of more coarsely organized calcifications and a dense bony ''cap'' [1, 42] . More worrisome, a chondrosarcoma may mimic the imaging appearance of a chondroma [13] .
Sinonasal ossifying fibroma manifests as an expansile circumscribed mass with characteristic (but not ubiquitous) internal calcifications and a thick bony shell representing reactive bony change rather than actual tumor [43] [44] [45] . A sharp transition at the bony margin distinguishes this lesion from the more ill-defined transition seen in fibrous dysplasia [43] . Nonossified areas corresponding to hemorrhagic or proteinaceous content may be occasionally seen on CT and likely also contribute to a variable MRI appearance with isointense-to-hyperintense T1 signal intensity, usually hypointense T2 signal intensity, and moderate contrast-enhancement that is particularly prominent along the periphery of the mass [43, 44] . A variant form, psammomatoid active ossifying fibroma, shares many imaging features of the ossifying fibroma but typically shows a more aggressive imaging appearance with prominent osseous expansion and cortical disruption [41] . Fibrous dysplasia commonly involves craniofacial bones and impacts on the sinonasal region. As a result of poorly organized fibroosseous tissue replacing normal medullary bone, a variety of CT imaging manifestations-ranging from marked heterogeneity from a mixture of osseous and fibrous matrix to the classic ''ground glass'' appearanceare possible and reflect the stage of development and amount of bony matrix within the lesion [13] . On MRI, predominant T1 and T2 hypointense signal with intense enhancement on post-contrast imaging is typical. Associated mucoceles are occasionally noted [46, 47] . Both fibrous dysplasia and ossifying fibroma may mimic the imaging appearance of a meningioma [41] .
Osteogenic sarcoma and chondrosarcoma are aggressive malignancies known for bone destruction and heterogeneity on CT and MRI with typically intense enhancement. The tumors uncommonly involve the sinonasal region. An association with suture margins (such as those involving the facial bones or nasal septum) and curvilinear calcifications are imaging findings that favor a chondrosarcoma, especially one of lower-grade [13] . ''Sunburst'' periosteal reaction favors an osteogenic sarcoma. Prior radiation therapy for retinoblastoma is a predisposing factor for an osteogenic sarcoma in this region [1] .
Summary
The vast majority of sinonasal neoplasms have a nonspecific imaging appearance. Effects of these masses on adjacent osseous structures may favor a benign lesion (with pressure erosion changes), a malignant lesion (with lytic destruction), or a sarcoma (with periosteal reaction). Evidence of perineural extension strongly supports the presence of an aggressive neoplasm and is a significant imaging finding for patient management. Notable imaging manifestations that may suggest a specific diagnosis include the ''cerebriform'' appearance of the inverted papilloma, T1 hyperintensity in the setting of melanoma, the presence of a calcified rim in the ossifying fibroma, and characteristic locations such as the superior portion of the nasal cavity for the esthesioneuroblastoma and nasopharynx/pterygopalatine fossa for the juvenile nasopharyngeal angiofibroma.
